Analysis of quaternary protein ensembles by matrix assisted laser desorption/ionization mass spectrometry  by Cohen, Lucinda R.H. et al.
- 
Analysis of Quaternary Protein Ensembles by 
Matrix Assisted Laser Desorptionhonization 
Mass Spectrometry 
Lucinda R. H. Cohen,” Kerstin Strupat, and Franz Hillenkamp 
Institute for Medical Physics and Biophysics, University of Miinster, Miinster, Germany 
The intact noncovalent structure of the homo-oligomeric complexes of streptavidin (52 kDa), 
alcohol dehydrogenase (150 kDa), and beef liver catalase (240 kDa) have been observed using 
the matrix 2,6-dihydroxyacetophenone in an organic solvent. Intact streptavidin tetramers 
could also be observed with ferulic acid and other hydroxyacetophenone derivatives. Intact 
complexes are observed only for the first shot at a given position, which may be due to 
physical segregation or precipitation of the noncovalent complexes at the crystal surface. This 
effect is independent of the macroscopic crystal structure or the type of substrate (hydrophobic 
versus hydrophilic). Observation of intact complexes is not affected by addition of less than 
10 mM salts or buffers, and appears to be independent of the pH stability range of the protein 
samples investigated. (J Am Sot Mass Spectrom 1997, 8, 1046-1052) 0 1997 American 
Society for Mass Spectrometry 
M any enzymes and high molecular weight pro- teins exist as quaternary ensembles of lower molecular weight subunits. Quaternary pro- 
tein structure determination is, therefore, an area of 
great interest to biochemists. Greater knowledge of the 
noncovalent interactions that govern quaternary assem- 
bly, as well as those between proteins and their associ- 
ated ligands, should provide insight into the mecha- 
nisms of protein and enzymatic reactions. 
To date, the most successful mass spectrometric 
analyses of noncovalent quaternary structure and pro- 
tein-ligand binding have been conducted with an elec- 
trospray source. Quaternary structure determination of 
several different proteins such as avidin, concavalin A, 
and hemoglobin has been accomplished by Smith and 
co-workers [I, 21, who found that higher order protein 
structure appears to be preserved upon transfer to the 
gas phase. Electrospray mass spectrometry has also 
demonstrated great utility in studies of noncovalent 
metal-protein, protein-substrate, and metal-protein- 
inhibitor complexes, including the binding of biotin to 
streptavidin or avidin [3, 41 as well as metal ions and 
inhibitors to the protein matrilysin [5]. Recently, analy- 
sis of double-stranded deoxyribonucleic acid (DNA) 
following polymerase chain reaction (PCR) has been 
accomplished using electrospray mass spectrometry [6]. 
Matrix assisted laser desorption ionization (MALDI) 
mass spectrometry (MS) [7] has emerged as an ex- 
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tremely useful technique for the analysis of a wide 
variety of biological samples. Some of the advantages of 
MALDI-MS include a relatively simple sample prepa- 
ration, high sensitivity (low femtomole range), and 
rapid analysis times. The use of a time-of-flight ana- 
lyzer allows detection of molecular ions as large as 
500,000 Da [8]. Typically, only singly, doubly, or triply 
charged molecular ions are observed, which facilitates 
spectral interpretation. 
MALDI mass analysis of noncovalent complexes has 
been rather limited, although intact noncovalent com- 
plexes of streptavidin [9], glucose isomerase [lo], and 
jack bean urease Ill] have been observed using the 
matrix nicotinic acid. Unfortunately, nicotinic acid suf- 
fers from the disadvantages of extensive matrix adduct 
formation, intolerance to salt contamination, and also 
does not function at the 337~run wavelength emitted by 
the most commonly used N, lasers. Analysis of quater- 
nary protein structure using more typical matrices such 
as sinapinic acid or 2,5-dihydroxybenzoic acid (2,5- 
DHB) yields spectra of the protein subunits rather than 
the intact complex. In a recent publication, Woods et al. 
describe MALDI spectra of noncovalent complexes [ 121. 
However, the signals of the complexes were of low 
intensity compared to those of the individual compo- 
nents, which makes differentiation between specific 
complexes and unspecific aggregation difficult. Glocker 
et al. [13], as well as Pramanik et al. [14], have also 
shown MALDI spectra containing signals of intact 
noncovalent dimers (leucine zipper [13], farnesyl pro- 
tein transferase, and IL-10 [14]), and protein-ligand 
complexes (RNAse S [13] and ras-GDP [14]). Except in 
the case of ras-GDP, the signals of the complex ions 
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were relatively weak compared to those of the subunits. 
The spectra of Glocker et al. as well as those of Pra- 
manik et al. were obtained by summing several shots 
obtained from the same sample spot (personal commu- 
nication by the authors), in contrast to the results 
reported in this publication. It should also be noted that 
these results were obtained with linear time-of-flight 
instruments, and therefore do not contain any informa- 
tion about possible metastable decay of the complexes, 
whereas all the spectra reported in this publication have 
been recorded on reflector type instruments. The intact 
noncovalent trimeric complex of the membrane protein 
porin has recently been observed by MALDI using 
ferulic acid as a matrix and tetrahydrofuran (THF) as 
the solvent [15]. The most startling aspect of this anal- 
ysis was that the intact trimer could be observed only 
for the first laser shot at a given position: Successive 
shots at the same position yielded only the porin 
monomer. The purpose of the present study was to 
explore possible matrix/organic solvent combinations 
in order to obtain spectra of intact noncovalent protein 
complexes, as well as relating sample preparation and 
crystallizations to retention of the quaternary structure. 
Ultimately, these studies should demonstrate the ability 
of MALDI-MS to study the noncovalent interactions 
which govern many protein functions. 
Experimental 
Instrumental 
An in-house, built reflectron time-of-flight instrument 
equipped with a frequency-tripled Nd:yttrium alumi- 
num garnet (Nd:YAG) laser emitting at 355 nm with a 
20-ns pulse width and 100-pm spot size was used for 
our investigations; details have been described else- 
where [16, 171. All the spectra shown were obtained in 
reflectron mode and positive ion mode. Typical laser 
irradiances were between 1 X lo6 and 1 X 10’ W/cm’. 
The software package ULISSES 7.32 (Chips @ Work 
G.m.b.H., Bonn, Germany) was used for the evaluation 
of the digitized ion signals. 
Sample Preparation 
Yeast alcohol dehydrogenase was obtained from Sigma 
Chemical Co. (Deisenhoven, Germany). Streptavidin 
was obtained from Boehringer Mannheim (Heidelberg, 
Germany), and beef liver catalase was obtained from 
Serva Chemical Co. (Heidelberg, Germany). The matri- 
ces 2,5-dihydroxyacetophenone (2,5-DHAP), 2,6-dihy- 
droxyacetophenone (2,6-DHAP), 3,5-dihydroxyaceto- 
phenone (3,5-DHAP), 2,4,6-trihydroxyacetophenone 
(THAI’), 2-hydroxy-5-methoxyacetophenone (HMAP), 
4-hydroxy-3-methoxycinnamic acid (ferulic acid), and 
2-hydroxy-5-methoxybenzoic acid were all obtained 
from Aldrich Chemical Co. (Steinheim, Germany). 2,4- 
dihydroxyacetophenone (2,4-DHAP) was obtained 
from Sigma Chemical Co. (Deisenhoven, Germany) and 
Figure 1. Streptavidin in “super DHB” matrix, sum of 15 spectra. 
A = 335 nm. Key: M = monomer. 
2,5-dihydroxybenzoic acid (2,5-DHB) was obtained 
from Fluka (Neu Ulm, Germany). The binary matrix 
“super DHB” was prepared by mixing 10 g/L solutions 
of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-me- 
thoxybenzoic acid in a 9:l volume ratio. Solvents were 
purchased from Fluka (THF) and Merck (acetonitrile). 
Protein concentrations were typically 0.1-0.5 g/L (lop6 
M) in H,O. For the matrix/solvent studies, concentra- 
tions of 2,4-DHAP, 2,5-DHAP, 2,6-DHAP, and THAI’ 
were 40 g/L in THF, ethanol, acetonitrile (ACN)/TFA, 
or water; 2,5-DHB was 10 g/L in THF, ethanol, ACNI 
TFA, or water; ferulic acid was 20 g/L in ‘II-IF, 9 g/L in 
ethanol, 11 g/L in ACN/TFA, and 20-50 g/L in water. 
Samples were mixed 1:2 (by volume) with matrix solu- 
tion and dried on a stainless steel probe u:nder a stream 
of cold air. 
Silicon (111) wafers were prepared by two different 
methods: Hydrophobic wafers were prepared by etch- 
ing for 10 min in concentrated I-IF, followed by a lo-min 
rinse in triply distilled water. Hydrophilic wafers were 
obtained after treatment in a UV ozone stripper cham- 
ber at 70°C for 20 min in an ozone environment. Both 
types of wafers were immediately stored under an Ar 
environment in screwcap vials prior to MALDI analy- 
sis. 
Results and Discussion 
Streptavidin is an excellent test protein for noncovalent 
complex analysis, due in part to its wide range of pH 
stability and the strong noncovalent binding between 
its subunits [18]. Streptavidin exists in solution as a 
tetramer of four identical subunits with an approximate 
total molecular weight of 52 kDa for the “core” protein, 
which is actually a truncated fragment (amino acids 
13-136) of the original streptavidin chain (subunit mo- 
lecular weight 16 kDa) [18]. One import#ant consider- 
ation during analysis is whether the molecular ion 
observed is truly representative of the sample in the 
solution state or is an artifact caused by the desorption/ 
ionization processes. For example, the spectra of pro- 
teins like lysozyme may show nonspeci:fic gas-phase 
clusters, depending on the matrix used,. the sample 
concentration, and the tendency of the sarnple towards 
aggregation. A representative spectrum for nonspecific 
clusters of the streptavidin monomer is shown in 
Figure 1. Gas-phase clusters can typically be distin- 
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Figure 2. Streptavidin in 2,6-dihydroxyacetophenone/ACN/ 
TFA. A = 355 MI. Key: M = monomer, D = dimer, T = trimer, 
Q = tetramer. (a) First shot only (30 spectra total). (b) 25 shots on 
the same spot. 
guished from an actual noncovalent complex by the 
cluster intensities. As shown in Figure 1 using super- 
DHB as a matrix, the monomer (M) is the base peak, 
with the nonspecific aggregates (dimer, trimer, etc.) 
decreasing in intensity exponentially. 
In contrast, a MALDI spectrum of the intact nonco- 
valent streptavidin tetramer is shown in Figure 2a. Not 
only is the tetramer (Q’) the base peak, but a dimer of 
the tetramer (2Q+) complex is observed at -104 kDa. 
The streptavidin monomer and dimer are also ob- 
served, but could possibly be doubly and quadruply 
charged tetramer peaks. The streptavidin trimer (T+), 
which is not known to exist in solution, is observed in 
Figure 2a as a low intensity peak, along with low 
intensity peak for the triply charged tetramer (Q3+). 
Similar to what has been shown by Rosinke et al. [15], 
the noncovalent complex can only be observed for the 
first shot at a given sample position. Successive laser 
shots at the same position produce primarily monomer 
ions, as is shown in Figure 2b. Interestingly, the matrix 
background is higher for the spectra obtained from the 
first shot, although the laser irradiance was the same for 
both the first and successive shots at a given position. 
Molecular weight determinations were performed 
using horse heart myoglobin (molecular weight 16,950 
Da) and subtilisin carlsberg (molecular weight 27,301 
Da) as external calibrants. The molecular weight of the 
streptavidin monomer was determined to be (12,930 + 
15) Da and the streptavidin tetramer was determined to 
be (51,870 2 90) Da (five spectra total), which are in 
reasonable agreement with the expected masses based 
on the amino acid sequence [19] and values obtained by 
electrospray mass spectrometry (monomer expected 
mass 12,971 Da, tetramer 51,884 Da) [4]. Internal cali- 
bration was much more problematic since mixing the 
Table 1. Matrix and solvent systems investigated for 
streptavidin 
Matrix THF EtOH ACN/TFA H,O 
Ferulic acid Tetramer - Tetramer - 
2,4-DHAP Tetramer Tetramer Tetramer - 
2,5-DHAP Tetramer Monomer Monomer - 
2,6-DHAP Tetramer Tetramer Tetramer - 
THAP Monomer Monomer Tetramer - 
DHB - Monomer Monomer Monomer 
-: No streptavidin peaks for monomer or tetramer were observed. 
streptavidin sample with the proteins usually caused a 
dramatic decrease in the tetramer intensity, possibly 
due to a dissociating effect, Another possible effect is 
competition of the tetramer ion with the subunit and 
calibrant protein ions for the total charge within the 
sample. In fact, addition of internal calibrants to other 
protein samples totally prevented observation of the 
noncovalent complexes in some cases. Mass accuracy 
may be hindered by the low resolution of these rela- 
tively high molecular weight ions, since matrix adducts 
and cationized species cannot be resolved. However, 
examination of lower molecular weight proteins such as 
insulin with the 2,6-DHAP/acetonitrile/trifluoroacetic 
acid (ACN/TFA) system has shown relatively little 
matrix or cation adduction. 
Based on the previous work by Rosinke et al., the 
ferulic acid matrix was first examined with several 
solvents and streptavidin as a test sample. Unfortu- 
nately, ions produced using the ferulic acid matrix tend 
to exhibit significant metastable decay, which leads to 
extreme peak broadening at higher masses for reflec- 
tron instruments. The hydroxyacetophenone deriva- 
tives, which have shown to be promising in oligonucle- 
otide and oligosaccharide analysis [20, 211, were a 
logical choice for noncovalent complex analysis since 
they are much less acidic than matrices like 2,5-DHB. 
Hydroxyacetophenone derivatives were also success- 
fully used for the analysis of peptides and proteins by 
Gorman et al. [22] (2,6-dihydroxyacetophenone) and by 
Krause et al. [23] (2,5-dihydroxyacetophenone). 
Several different hydroxyacetophenone / organic sol- 
vent combinations were examined, and many yielded 
the intact streptavidin tetramer, including trihydroxy- 
acetophenone (THAP), and 2,4-, 2,5-, and 2,6-dihy- 
droxyacetophenone (DHAP) with the solvent THF. A 
list of various matrices and solvent combinations is 
shown in Table 1. Most importantly, all of the successful 
combinations yielded spectra of the tetramer odyfor the 
first shot at a given spot. Several other matrices were also 
tested and yielded either no spectra or spectra only of 
the streptavidin monomer. These matrices include: in- 
dole acrylic acid, 2-(4-hydroxyphenyl-azo)-benzoic acid 
(HABA), 3,5-dihydroxyacetophenone, 3-hydroxy-5-me- 
thoxyacetophenone, dithranol, and 3-hydroxypicolinic 
acid. 
In general, the spectra obtained using 2,6-dihydroxy- 
acetophenone in either THF or the ACNITF.4 mixture 
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Figure 3. Yeast alcohol dehydrogenase in 2,6-dihydroxyaceto- 
phenone/THF. A = 355 run. Key: M = monomer, D = dimer, T = 
trimer, Q = tetramer. (a) First shot only (15 spectra total). (b) 30 
shots on the same spot. 
showed higher peak intensities with better resolution 
and reproducibility than the other acetophenone deriv- 
atives or ferulic acid. Reproducibility is a serious prob- 
lem when using ferulic acid as a matrix because intact 
complexes can only be obtained from a microcrystalline 
film, which is difficult to obtain (compare Rosinke et al.) 
[15]. In general, the 2,6-DHAP matrix is fairly tolerant to 
sample contamination. Additionally, much less meta- 
stable decay was observed using DHAP compared to 
spectra obtained using the ferulic acid matrix. Low 
concentrations (510 mM) of salts such as NaCl and 
ammonium citrate can be easily tolerated, but higher 
concentrations disturb crystallization and cause only 
the monomer to be observed. Similar to normal protein 
samples, detergents negatively affect spectral quality, 
causing peak broadening and requiring higher concen- 
trations (0.5-l g/L) to observe the intact complex at 
detergent concentrations greater than 0.1 wt. %. Be- 
cause detergents can cause protein subunit dissociation, 
a detrimental effect is to be expected. 
In order to be more generally useful, a matrix/ 
solvent system must be able to analyze samples with a 
narrower range of pH stability. Yeast alcohol dehydro- 
genase, a homotetramer consisting of subunits with a 
molecular weight of -37 kDa was analyzed, and the 
intact tetramer was observed using 2,6-DHAP in THF. 
The tetramer was observed at mass 148 kDa, as well as 
a dimer of the tetramer at 295 kDa, as shown in Figure 
3a. In contrast to the streptavidin spectrum, the tet- 
ramer is not the base peak in this spectrum. However, 
the relatively intense signal of the triply charged tet- 
ramer (Q3’) at mass -49 kDa strongly indicates that the 
peak at mass -74 kDa contains a significant contribu- 
tion from the doubly charged tetramer in addition to 
the singly charged dimer. This shift in charge state with 
increasing mass is commonly observed in. MALDI spec- 
tra and the tetramer, therefore, in reality dominates the 
spectrum, as was observed for streptavidin. Successive 
laser shots at the same spot show only the monomer 
and dimer (Figure 3b), with the dimer exhibiting greater 
intensities than that observed for streptavidin, which 
most probably reflects a tetramer in solution, formed by 
two relatively stable dimers rather than four monomers 
(dimer of dimer concept). This behavior agrees with the 
“dimer of dimers” model by Yamada and Yamato [24], 
which proposes alcohol dehydrogenase in solution to 
be an equivalent mixture of dimers and tetramers at pH 
7.0. The molecular weight, as determined by external 
calibration with an antibody of molecular weight 150 
kDa, was determined to be (37,000 + 60) Da for the 
monomer, (73,870 2 160) Da for the dimer, and 
(147,940 2 290) Da for the tetramer. The observed 
tetramer peak width of 2000 Da is comparable to typical 
peak widths (1000-1500 Da) observed for antibodies of 
comparable molecular weight by UV-M:ALDI on the 
reflectron time of flight system used. Another interest- 
ing observation is that higher molecular weight aggre- 
gates such as the tetramer plus one or two additional 
subunits [(Q + M)’ and (Q + D)+] are also present in 
the spectrum at low intensities, as well as multiply 
charged tetramer and monomer ions. 
The alcohol dehydrogenase tetramer could not be 
observed with 2,6-DHAP using other organic solvents 
such as ethanol or acetonitrile, or with any of the other 
matrices that were successful in producing the strepta- 
vidin tetramer, such as ferulic acid, 2,4- or 2,5-DHAP in 
THF. Although intact streptavidin tetramers can be 
observed for concentrations ranging between 0.05 and 
10 g/L, alcohol dehydrogenase tetramers are observed 
only for concentrations between 0.1 and 0.5 g/L, indi- 
cating that the useful concentration range may be 
sample dependent. 
Similar results were obtained for beef liver catalase, 
a heme-containing homotetramer, with the molecular 
weight of each subunit of -58 kDa. Analysis with the 
2,6-DHAP/THF combination yielded spectra of the 
intact tetramer, as shown in Figure 4a. Once again, the 
intense signal of the triply charged tetramer at mass 
-78.5 kDa suggests a strong contribution of the doubly 
charged tetramer to the peak at mass -118 kDa, which 
indicates that tetrameric, rather than dimeric, ions dom- 
inate the spectrum. Successive shots at the same posi- 
tion produced primarily monomer ions, which are 
somewhat lower in mass (57 kDa versus 59 kDa), 
attributable to loss of the heme groups (Figure 4b). The 
catalase tetramer ion (Q’) is a relatively wide peak 
(width 15 kDa), possibly due to successive losses of the 
four heme groups, which are noncovalently bound to 
the protein, as well as matrix and cation adduction. 
Other multiply charged peaks were also observed, 
including the triply charged monomer (w’+) and dimer 
of the tetramer (2Q3’), as well as Q4+, Q”+, and Q6’. 
1050 COHEN ET AL. J Am Sot Mass Spectrom 1997, 8, 1046-1052 
a 
m/z 
0 50000 lowoo 4OdOOO 
m/Z 
b 
Figure 4. Beef liver catalase in 2,64iiydroxyacetophenone/ 
THF. A = 355 run. Key: M = monomer, D = dimer, T = trimer, 
Q = tetramer. (a) First shot only (22 spectra total). (b) 11 shots on 
the same spot. 
Origin of Noncovalent Complex Only From First 
Shot: General Statements 
Even though the desorption / ionization of noncovalent 
structures exclusively for the first shot onto a given 
sample location has been observed for a number of 
different matrices and soIvents, no general pattern or 
mechanism seems to have evolved from these experi- 
ments. Apparently, a rather complex interaction occurs 
between the three major components: the protein, the 
matrix, and the solvent, with additives such as buffers 
or detergents possibly playing an additional role in the 
mechanism. Moreover, the critical step in the observed 
dissociation of the noncovalent structures can occur in 
solution, in the solid phase (i.e., incorporation of the 
analyte into the crystalline matrix), as well as during the 
temporal and/or spatial transition from solution to 
solid. Finally, dissociation can also occur upon desorp- 
tion/ionization after laser irradiation. Extrapolating 
from observations made for the prompt or metastable 
fragmentation of proteins or other bioorganic analytes, 
the matrix is again expected to play an important role 
during dissociation, in addition to the laser fluence and 
instrumental parameters influencing the plume expan- 
sion dynamics. Previous work in the authors’ labora- 
tory has shown that the reason the noncovalent com- 
plex is only observed for first shot spectra cannot be 
explained by photodissociation of complexes deeper 
within the sample. Even after samples were irradiated 
with a LJV lamp, the intact complexes were still ob- 
served for first shot spectra [15]. 
Solution dissociation is expected to be strongly de- 
pendent on the solvent and the pH in aqueous solu- 
tions, with biologically relevant structures the most 
stable in an aqueous environment at physiological pH. 
The W-matrix 6-aza-2-thiothymine, first published by 
Lecchi et al. [25] and later used by Glocker et al. [26], 
provides a pH close to 7.0 in aqueous solution and 
indeed generates intense signals of intact noncovalent 
complexes, e.g., of streptavidin and of porin (unpub- 
lished results of the authors). However, all of the 
successful matrices tested in this study are only margin- 
ally soluble in water, and ACN/TFA mixtures or THF 
were used as solvents. Aqueous nicotinic acid solutions 
have a rather acidic pH of 3.5; aqueous solutions of 
DHAPs have pH’s of 4-5, and ferulic acid in water 
exhibits a pH of approximately 4. The various pH- 
stability ranges of the analytes tested (3.0-12.0 for 
streptavidin [18], 8.4-9.5 for alcohol dehydrogenase 
[27], and 7.0 for catalase [28]) using DHAP did not seem 
to influence the results to any major degree. These 
results suggest that even though a physiological pH 
and an aqueous solution may in many cases be helpful 
for stabilizing noncovalent complexes, pH and/or sol- 
vent polarity are not the dominating factors for the 
intact desorption of such complexes. The stability range 
describes, of course, the pH range of enzymatic activity, 
not the pH at which the protein is a quatemary ensem- 
ble; a-amylase, for example, is still enzymatically active 
even when dissociated to monomers [29]. 
Dynamic surface effects in the droplet during the 
drying process cannot, however, be excluded. The pro- 
tein samples were dissolved in water, with the resultant 
pH of analyte solution approximately 7, depending on 
the sample. The protein solutions were then mixed on 
the stainless steel target with the matrix dissolved in an 
organic solvent. During the rapid evaporation of the 
organic solvent from the droplet surface, a gradient of 
organic solvent quickly evolves and will be maintained 
until nearly all of the organic solvent is removed. 
Quarternary proteins could possibly accumulate pref- 
erentially, or exclusively, in this surface layer of the 
droplet as shown in model 1 of Figure 5. If this were the 
case, the surface tension determining the spreading of 
the droplet on the substrate would be expected to 
inff uence the dynamics of this process and the resultant 
spatial distribution of quatemary ensembles. 
In order to investigate if surface tension effects and 
segregation of the tetramer at the outside of the water 
droplet determine the physical location of the tetramer, 
spectra of the streptavidin sample with the 2,,6-DHAP in 
the 1:2 mixture of ACN/O.l% TFA in water were 
compared using hydrophobic and hydrophilic Si (111) 
wafers as substrates. As expected, the sample water 
droplet behaved differently during deposition and dry- 
ing for the hydrophobic and hydrophilic Si substrates. 
After deposition, the sample-matrix droplet spread rap- 
idly to the edges of the hydrophilic Si substrate, but 
remained in an almost spherical droplet form, covering 
a smaller area on the hydrophobic substrate. However, 
the tetramer (once again) could only be observed for the 
first shot at a given spot for both types of Si substrates, 
and spectra similar to those shown in Figure 2 were 
obtained. 
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Figure 5. Schematic of subunit distribution during droplet dry- 
ing. 
Another important (and as yet unknown) factor 
could be the incorporation of the complex into the 
matrix crystal lattice. The tetramer may be physically 
segregated at the surface of the crystal (as shown in 
Figure 5, model 2) rather than at the water droplet 
surface. Although no dependence on crystal type on a 
macroscopic level was observed, i.e., needlelike or 
feathery crystals as well as microcrystalline films 
worked equally well, incorporation of the protein com- 
plex into the matrix crystal lattice on a molecular level 
may be critical. Beavis and Bridson have shown that 
protein inclusion occurs at the hydrophobic crystal face 
of sinapinic acid via hydrophobic association of the 
protein to the matrix crystal plane rather than hydrogen 
bonding [30]. In a later publication, Beavis and Xiang 
demonstrated that both the (normally seen) apomyoglo- 
bin and the intact myoglobin including the heme group 
1311 could be detected upon irradiation of sinapic acid 
crystals. This observation is certainly a surprise, be- 
cause one would have expected that the myoglobin, 
when incorporated by hydrophobic interactions, would 
have to fold inside out, and it is hard to see how it could 
retain the heme under these circumstances because it is 
loses it when prepared with matrices such as DHB and 
nicotinic acid. If the hydrophobicity of the analyte 
incorporation into the matrix crystals would be a dom- 
inating effect, it would also be difficult to understand 
that noncovalent protein complexes have been de- 
sorbed intactly out of nicotinic acid [9-111 and ferulic 
acid 1151, but not out of DHB or super DHB, even 
though all of these matrices have been shown to not 
contain any hydrophobic domains of sizable domains 
[32341. 
The third, and most likely, model for observation of 
the intact complexes only for the first shot at a given 
spot, is precipitation of the quaternary complex on the 
surface of the matrix crystal, as shown in model 3, 
Figure 5. As indicated for the structures on the left hand 
side of the model, the complexes may be in minimal 
contact with the matrix surface, similar to physisorp- 
tion. It is also possible that the complexes are embedded 
only partially within the matrix crystal surface, in a 
manner such that the matrix prevents aggregation be- 
tween individual complexes (shown by the structures 
on the right hand side of model 3). Unfortunately, no 
definitive method is available to verify the validity of 
either model, so both models 2 and 3 may be possible, 
or some state between the two. Attempts to obtain the 
intact complexes by first depositing and drying the 
matrix solution and then depositing a separate drop of 
sample solutions were unsuccessful. 
Using the 2,6-DHAP/ THF system, al quaternary 
structure determination by MALDI mass :spectrometry 
is clearly possible. Unfortunately, all attempts to study 
binding between streptavidin and biotin, known to be 
one of the strongest protein-substrate associations in 
biochemistry, have been unsuccessful. The stability of 
protein-substrate complexes under the as yet unknown 
pH conditions in the droplet when mixed with organic 
solvent is still questionable, and a subject of future 
research. 
Conclusions 
Intact noncovalent complexes for streptavidin (52 kDa), 
alcohol dehydrogenase (150 kDa), and beef liver cata- 
lase (240 kDa) have been observed using the matrix 
2,tSdihydroxyacetophenone in an organic solvent. In- 
tact streptavidin tetramers could also be olbserved with 
ferulic acid and other hydroxyacetophenone deriva- 
tives. Intact complexes are observed only for the first 
shot at a given position, which may be due to physical 
segregation or precipitation of the quaternary complex 
at the crystal surface. This effect is independent of the 
macroscopic crystal structure or the type of substrate 
(hydrophobic versus hydrophilic). Observation of intact 
complexes is not affected by addition of less than 10 
mM salts, and appears to be independent of the pH 
stability range of the protein samples. 
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